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Phytochemical Mimicry of Reproductive
Hormones and Modulation of Herbivore
Fertility by Phytoestrogens
by Claude L. Hughes, Jr.*
Plants have physical and chemical mechanisms for defense from attack by animals. Phytochemical
defenses that protect plants from attack by insects include antifeedants, insecticides, and insect
growth regulators. Phytochemical options exist by which plants can modulate the fertility of the other
major group of plant predators, vertebrate herbivores, and thereby reduce cumulative attacks by
those herbivores. The success of such a defense depends upon phytochemical mimicry of vertebrate
reproductive hormones. Phytoestrogens do mimic reproductive hormones and are proposed to be
defensive substances produced by plants to modulate the fertility of herbivores.
Introduction to Plant Defensive
Options
Survival of all higher animals depends directly or
indirectly upon predation on plants. In turn, defense
mechanisms have evolved by which plants modulate
the degree of predation by animals. Obvious mecha-
nisms of plant defense include physical repulsion of
attack by cuticle, spines, thorns, etc. Phytochemical op-
tions for defense from animal predation include re-
pulsion due to aversive odors or tastes, toxicity per se,
including lethality to the individual, or fertility reg-
ulation.
A substantial body of data exists that illustrates the
chemical defenses used by plants to reduce predation by
insects. Reviews by Bowers (1) and Nakanishi (2)
summarize the occurrence and effects of phytochem-
icals as insect antifeedants, insecticides, and insect
growth regulators. The subtle efficacy of the insect
growth regulators depends upon predation of the plant
by the attacking insect, but in turn, the growth and/or
reproductive maturation of the insect is disordered,
typically producing sterility in that individual insect.
The short-term predatory cost to the plant is more than
compensated by the obvious long-term benefit of a re-
duction in the population of insect predators (of that
species) in that vicinity in the future. The fertility of
the other major group of plant predators, vertebrate
*Division of Reproductive Endocrinology and Infertility, Department
of Obstetrics and Gynecology, Duke University Medical Center,
Durham, NC 27710.
herbivores, is also subject to modulation by phyto-
chemicals.
Expectations for the General Case
of Phytochemical Modulation of
Herbivore Fertility
If phytochemical modulation of herbivore fertility
does indeed exists, then general requirements, expec-
tations, or predictions can be formulated for the source
plants and target animals. Some of the expected proper-
ties of such a system would include the following:
a) A chemical or groups of chemicals found in plants
must exist that adversely affect herbivore reproduc-
tion.
b) Such phytochemical reproductive inhibitors
would be luxury molecules in that substances synthe-
sized for defensive purposes would not be expected to
serve as an integral structural of functional entity in
the source plant.
c) Because plants cannot escape attack by moving
elsewhere and many plants occur as patchy food
sources, inhibition of herbivore reproduction in the
same locale would reduce herbivore numbers and thus
cumulatively reduce the degree of predation on the
plant or its genetically similar cohort or progeny.
d) While phytochemical defenses involving general
growth regulators or neurotoxins may be efficacious,
reproductive specificity of defensive phytochemicals
would be most readily attained by mimicry of repro-
ductive hormones.C. L. HUGHES
e) As a corollary to item d, hormonal agonism or
antagonism would both be effective pertubations of
reproduction.
f) Some convergence in evolution of diverse plant
species in the development of phytochemicals that
modulate herbivore reproduction would be anticipated
if this general defensive strategy is efficacious.
g) The precise mechanism or point of action of the
phytochemical in the herbivore must be a funda-
mental component in reproduction.
h) There should be universality of the mechanism
that is compromised by the phytochemical. The effi-
ciency of the plant's defense is greatly increased if a
single chemical (or group of chemicals) is effective
against various herbivore species.
i) The female herbivore shoud be the primary target
of phytochemical action. "Since the adult females are
committed to an expenditure of substantial amount of
time and energy, they are the limiting resources. . . "
(3). While phytochemical pertubation of reproductive
function of male herbivores could benefit the plant,
persistence of even a few fertile males in the population
may yield no change in the fecundity or prolificacy of
the population. For many species (i.e., rodents,
lagamorphs, ruminants, etc.) biological or behavioral
constraints do not exist that would preclude impreg-
nation of many females by a single male.
j) Multiple sites of action of the phytochemical would
magnify the efficacy of that agent if several com-
ponents of herbivore reproduction were adversely
affected at once. Alternatively, the interval of suscepti-
bility to pertubation of reproduction could be greatly
increased if several different steps in reproduction were
subject to disturbance by the phytochemical.
k) As modulation of herbivore reproduction re-
quires some ingestion of the source plant, delivery of
the phytochemical may be subtle. Immediate detection
by the ingesting animal might compromise the
strategy. If moderate ingestion of the plant by an indi-
vidual herbivore prevents litters of offspring later, the
modest cost to the plant permitting limited ingestion
may be greatly compensated in the long run by re-
duced attacks on the plant or its progeny, especially if
seeds would be destroyed or if younger plants com-
monly die after an attack.
Phytoestrogens as Modulators of
Herbivore Fertility
Phytoestrogens fulfill the requirements and expec-
tations delineated for the general case of modulation of
herbivore fertility by phytochemical mimicry of
reproductive hormones. Estrogens (especially estra-
diol-17,B) are critical and fundamental to vertebrate
reproduction and requirement for estrogens in female
reproductive physiology is persuasively universal.
Some general examples include the following:
Early exposure to sex steriods permanently alters the
sexual behavior of fish, amphibians, reptiles, birds,
and mammals (4), although the role of sex steroids in
the differentiation of gonads and gonaducts does
appear to vary among classes ofvertebrates.
In adult female mammals of many different species,
it is proven that estrous (mating) behavior is critically
dependent upon estrogen production/exposure (5).
Additionally, at least in the rat, such a response may be
subsequently augmented by progestins.
An obligatory antecedent rise in plasma estradiol
produces an ovulatory surge of luteinizing hormone
in spontaneously ovulating mammals such as ro-
dents, ruminants, canines, and primates, whereas
reflex ovulating mammals such as felines and laga-
morphs have essentially continuous estrogen produc-
tion from overlapping waves of maturing ovarian
follicles (5).
Over 300 plants in more than 16 different families
contain substances with estrogenic activity (6). Table 1
summarizes the occurrence of phytoestrogens in some
Table 1. Occurrence and content ofphytoestrogens in
common plants.a
Plants
Estimates
of
Family Examples Phytoestrogens content
Chenopodiaceae Beet Unidentified +b
Compositae Sunflower CoumestansC +
Cruciferae Rape Unidentified +
Euphorbiaceae Caster oil plant Unidentified +
Gramineae Barley Isoflavonoids,d + to +++
Bluegrass coumestans,
Oats and resorcylic
Orchardgrass acid lactones
Rye
Ryegrass
Rice
Wheat
Labiatae Sage Unidentified ++
Leguminosae Alfalfa Isoflavonoids ++e
Clovers (red, and coumestans
strawberry,
subterraneum, and
others)
Soybean
Liliaceae Garlic Unidentified +++
Malvaceae Hollyhock Unidentified +
Palmaceae Date palm Unidentified +
Polygonaceae Rubarb Unidentified +
Rosaceae Apple Unidentified +
Cherry
Plum
Rubiaceae Coffee Unidentified +
Salicaceae Willow Unidentified ++
Solanaceae Potato Unidentified +
Umbelliferae Parsley Unidentified +
aAdapted from Bradbury andWhite (7) and Farnsworth etal. (6).
bSummary ofavailable bioassay studies: + = weakly estrogenic; ++ =
moderately estrogenic; +++ = strongly estrogenic.
CCoumestans include coumestrol and related compounds.
djsoflavonoids include genistein, daidzein, formononetin, Biochanin
A, and related compounds.
eUp to 1% ofthe dryweight ofsome clovers may be isoflavonoids (8).
Soybean products contain 2.2-48.0 mg daidzein/100 g, 11-114 mg
daidzin/100 g, 4-108 mg genistein/100 g, and 81.3-215 mg
genistin/100 g [summarized in Setchell (23)1.
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common plants. Estimates of content primarily repre-
sent bioassay studies by many different workers over
the last four decades. The phytoestrogens that have been
isolated, purified, and identified are primarily isofla-
vonoids and coumestans. These classes of compounds
are widely present in the Gramineae and Legu-
minosae families which include many grain crops
and livestock forages. Such agricultural plants have
been preferentially studied because the phytoestrogen
content is high (Table 1); reproductive failure in
livestock was the first evidence that such substances
exist, and the financial consequences of infertility in
livestock are obvious.
The classic scenario of adverse effects to herbivore
fertility from the ingestion of phytoestrogen-contain-
ing plants is clover disease in sheep in Western Aus-
tralia. Prolonged ingestion of some varieties of sub-
terranean clover that contain estrogenic isoflavones
(15) can cause permanent infertility in sheep (16),
such that animals grazing on such pasture in prep-
aration for experimental studies have an overall
lambing rate of less than 10% per annum (17). Other
studies suggest that exposure to such estrogenic pas-
tures can compromise fertility in sheep by interference
with sperm transport (18,19) and fertilization and
early embryonic loss (19,20). Alterations in estrous
cycle physiology have been demonstrated in exposed
sheep (21). The hypothalamic positive feedback of
estradiol-171 to provoke a midcycle surge of luteiniz-
ing hormone and thus ovulation is compromised in
sheep grazed on such pastures (17). This well-studied
example of effects of phytoestrogens on reproduction of
one herbivore therefore illustrates several of the expec-
tations for the general case, including adverse effects on
herbivore reproduction with diminution of fertility
and thus herbivore numbers, a multiplicity of sites of
action, and a primarily female herbivore target. The
sheep will readily graze the estrogenic clover for years,
so immediate detection and thus aversion does not
occur.
Data from several different sources indicate that
phytoestrogen-induced infertility in sheep is not
unique to that herbivore. Animals as diverse as cattle,
mice, and quail have been shown to suffer repro-
ductive failure due to dietary phytoestrogens (Table 2).
Livestock and laboratory species have been studied
most extensively, but field biology studies in many
wild herbivore species are lacking.
The amounts of phytoestrogens in the diets of
animals shown to suffer reproductive compromise are
shown in Table 2. In general, these data represent en-
dogenous phytoestrogen content rather than spiking
other dietary constituents with purified compounds.
Investigations are needed that include concurrent
quantitation of dietary phytoestrogens, reproductive
outcome, and physiological parameters of herbivore
reproduction.
The notion that phytoestrogens are chemical prod-
ucts of plants that do not serve an essential intrinsic
function but are luxury molecules dedicated to defense
is probable but not proven. Alternative proposals for the
functional roles of estrogenic substances within plants
include flower pigment production or lignification,
but a comprehensive review by Stob (9) failed to show
any convincing data to support such nondefensive
roles.
The specificity of hormonal mimicry by various
phytoestrogens has been extensively studied (22,23).
The various groups of phytoestrogens, including
isoflavones, coumestans, and resorcylic acid lactones, as
well as estradiol-171 and estrone, have been shown to
bind to estrogen receptors, effect the changes described
as nuclear translocation, and to manifest tissue effects
consistent with estrogenic activity. Alternative anti-
estrogenic effects ofphytoestrogens have been described
in mice, and the relative agonistic or antagonistic
actions of such compounds may depend upon the dose
ingested (24,25).
The existence of more than 20 phytoestrogens of 4
chemically distinct classes with demonstrable receptor
specificity in more than 300 different plants can be
taken to imply convergence in the evolution of plant
defensive strategies. Any plant defensive strategy short
of immediate herbivore death following ingestion of
the plant allows that herbivory may not be exclusively
detrimental to the plant. While there clearly are
indirect benefits of herbivory such as predation of
competing plants and seed dispersal, the possibility that
Table 2. Demonstrated reproductive effects ofdietary phytoestrogens.a
Estimate of
Herbivore Reproductive effects Dietary composition phytoestrogen intake
Bos taurus (cattle) Infertility (10) Alfalfa 14-135 ppm coumestro (11)
Cavia porcellus (guinea pigs) Infertility (10) Subterranean clover 0.4-1.0%w/w isoflavonoids (8)
and coumestans
Lophortyx californicus Inhibition ofreproduction (12) Forbs Semi-quantitative estimates of
(California quail) isoflavonoids; varied with
growth conditions (12)
Mus musculus (mice) Infertility, inhibition ofestrus, 15-30% Ladino clover in diet Isoflavonoids; content estimated
inhibition ofovulation (13) by bioassay only (13)
Oryctolagus cuniculus Infertility, failure ofovulation, Ladino clover or Isoflavonoids; content estimated
(rabbits) failure ofimplantation (14) Ladino hay bybioassayonly (14)
Ovis aries (sheep) Infertility, dystocia, sterility Subterranean clover 0.4-1.0%w/w isoflavonoids (8)
and coumestans
aAdapted from Stob (9).
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herbivory directly increases the fitness of plants
remains controversial. In a recent thorough review,
Belsky (26) concluded that the available evidence did
not substantiate the notion that the fitness of plants was
increased by herbivory. An even more recent study of a
montane herb (scarlet gilia) clearly demonstrated a
beneficial effect of browsing due to a consequent
marked increase in production offertile seeds (27).
Massive bodies of data exist that demonstrate that
specific phytochemicals regulate insect reproduction.
The present report demonstrates that phytoestrogens
are capable of profoundly affecting herbivore repro-
duction. Phytoestrogens may thus be defense sub-
stances produced by many plants to modulate the fer-
tility and therefore the population of herbivores that
ingest portions of such a plant or its genetically sim-
ilar cohort. The cumulative long-term benefit to the
plant or its progeny is decreased predation by her-
bivores.
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